Nitrogen is an important nutrient that can impact the quality of aquatic environments when present in high concentration. Even though low concentration levels of ammonium-nitrogen have been observed in laboratory studies in bioretention basins, poor removal or even the production of nitrate-nitrogen within the filter is often recorded in such studies. Ten Perspex biofilter columns of 94 mm (internal diameter) were packed with a filter layer, transition layer and a gravel layer. While the filter layer was packed to a height of 800 mm, transition and gravel layers were packed to a composite height of 220 mm and operated with simulated stormwater in the laboratory. The filter layer contained 8% organic material by weight. A free board of 350 mm provided detention storage and head to facilitate infiltration. The columns were operated with different antecedent dry days (0 d to 21 d) and constant inflow concentration at a feed rate of 100 mL/min. Samples were collected from the outflow at different time intervals, between 2 min and 150 min from the start of outflow, and were tested for nitrate-nitrogen and total organic carbon. Washoff of organic carbon from the filter layer was observed to occur for 30 min of outflow. This indicated washoff of organic carbon from the filter itself. At the same time, a very low concentration of nitrate-nitrogen was recorded at the beginning of the outflow, indicating the effective removal of nitrate-nitrogen. We conclude that the removal of nitrate-nitrogen is insignificant during the wetting phase of a rainfall event and the process of denitrification is more pronounced during the drying phase of a rainfall event. Thus intermittent wetting and drying is crucial for the removal of nitrate-nitrogen in bioretention basins.
Introduction
Stormwater biofilters, while quantitatively managing stormwater runoff, can also efficiently remove pollutants including some nutrients, suspended solids and heavy metals, preventing them from infiltrating stormwater runoff Davis et al. 2006; Davis 2007; Davis et al. 2007; Blecken et al. 2008 Blecken et al. , 2009 ). Nutrients such as nitrogen, phosphorus and carbon can degrade water quality when present in high concentrations. Stormwater runoff has often been shown to contain high concentrations of nutrients that can ultimately pollute receiving waters (Ice 2004; Kim 2009 ). Stormwater management systems including bioretention basins are therefore required to increase nutrient removal.
Several studies have been conducted to assess the performance of bioretention basins in removing nutrients from stormwater runoff and they concluded that removal of nitrogen varies depending on the nitrogen species. For example, ammonium-nitrogen has been observed to be reduced in bioretention basins while the concentration of nitrate-nitrogen increased in the outflow when compared with the inflow (Davis et al. 2006; Bratieres et al. 2008; Blecken et al. 2011 ).
Unlike ammonium-nitrogen, which is transformed into nitrate-nitrogen under aerobic conditions via nitrification, or which can be adsorbed to negatively charged sites on the filter material, nitrate-nitrogen is removed only by a reduction process called denitrification (Davis et al. 2010) . The process of denitrification reduces nitrogen compounds including NO 3 − and NO 2 − eventually to N 2 , under anoxic conditions and in the presence of organic carbon as an electron donor (Cheremisinoff 2002; von Sperling and Chernicharo 2005) . These two crucial factors further restrict the process of denitrification in treatment systems when compared with nitrification.
Stratification of zones based on the levels of dissolved oxygen (aerobic to anaerobic with depth) in filter systems has been observed to develop with continuous feed and extensive growth of aerobic microbial communities (von Sperling and Chernicharo 2005) . Since rainfall events are generally short in duration, bioretention basins often operate for a shorter time period when compared with water treatment filter systems. Furthermore, bioretention basins have been designed to transport stormwater rapidly through the system and hence the filter bed may not operate when the filter is saturated (Browne et al. 2008 ). In contrast, unsaturated filters have air pockets that inhibit the formation of anoxic or anaerobic zones. In addition, the fast transport of fresh stormwater through the system also rapidly distributes dissolved oxygen in the filter layer. Thus the filter layer may operate under aerobic conditions and, depending on the efficiency of microorganisms in the filter which consume dissolved oxygen, the filter may develop anoxic and anaerobic zones (Browne et al. 2008) . Davis et al. (2010) suggest that ammonium-and nitrate-nitrogen removal would not occur during the wetting phase of the event. They go on to suggest that ammonium-nitrogen is readily adsorbed to charged sites in the filter layer, and is subsequently nitrified to nitrate-nitrogen during the drying phase of the event. They support this view by reporting that higher nitrate-nitrogen concentrations are present in the outflow, as the residue of the nitrification of ammonium-nitrogen during the drying phase; that these remain in the system; and are washed off eventually during the next rainfall event. In order to enhance nitrate-nitrogen reduction in bioretention filters, past studies have added additional organic material and also designed a permanent saturated zone to provide electron donors and to induce anoxic conditions, respectively (Kim et al. 2003; Blecken et al. 2009 Blecken et al. , 2010 .
The studies reported above, however, did not analyse the impact of the organic content of the filter layer on the efficiency of the denitrification process before adding more carbon source to the filter. Moreover, most of these studies assessed the performance of the systems based on the event mean averages of pollutant concentration in the outflow using extended and continuous feeding of the systems. An important factor in bioretention basins, however, is that they are subjected to sporadic intermittent wetting and drying periods. The focus of earlier studies has largely been on the wetting phase of an event, with only limissted attention being paid to the drying phase. Consequently this paper focuses on the drying phase of an event and analyses the effect of antecedent dry days and organic matter content in the filter layer on the performance of nitrate-nitrogen removal in bioretention basins.
Methodology

Laboratory Scale Bioretention Basins
Five Perspex columns, 94 mm internal diameter and 1.6 m long, were used as stormwater biofilter columns. The constitution of the layers is as follows:
1. Filter layer: an engineered biofilter material of particle size <1 mm, 8% organic material by weight. 2. Transition layer: sand with particle size ranging from 1 mm to 2 mm, designed to prevent wash off of filter material; 3. Drain layer: gravel of particle size ranging from 2 mm to 5 mm, serving as the drainage layer; 4. Ponding layer: a ponding zone of 350 mm above the filter layer was left to temporarily store stormwater and also to provide sufficient head for the process of infiltration; and 5. Vegetation: a vegetation layer is optional in bioretention basins and there are some actual biofilters in South-East Queensland that do not have vegetation other than turf grass (Figure 2 ). Nitrate-nitrogen uptake by plants is debated as if it could be a removal process compared to denitrification, which is a removal process (Payne et al. 2014) . The current study therefore focuses on the removal of pollutants in the filter layer alone. Columns were fed with tap water for 2 weeks (for 3 h at a feeding rate of 100 mL/min, twice a week) and stabilized. Column packing was designed so that zones settled to a height as shown in the diagram (Figure 1 above) within 2 weeks.
Simulated Stormwater
In order to regulate the quality of stormwater fed to the experimental columns, and to be consistent across the experimental schedule, simulated stormwater was generated in the laboratory and used for the experiments. Using simulated stormwater for controlled laboratory experiments has been a common practice and constituents for simulated stormwater in this study were determined based on past published studies Kim et al. 2003) . Simulated stormwater was prepared by mixing the following materials to tapwater:
1.
Ammonium nitrate (NH 4 NO 3 ): 2.5 mg/L nitrogen, to represent ammonium and nitrate pollutants in stormwater; 2.
Glycine (C 2 H 5 NO 2 ): 2.5 mg/L nitrogen, to represent organic nitrogen in stormwater; and 3.
Montmorillonite and kaolinite (50:50 by weight): 100 mg/L, to represent solids in suspension in stormwater.
Experiments
Columns were fed with simulated stormwater at a feeding rate of 100 mL/min for ~3 h in each event and were then left to drain. The feed rate was computed based on a 3 month average recurrence interval for the Gold Coast area that was 34 mm/h rainfall, and based on the assumption that the area of the bioretention basin covered an estimated 3.5% of the catchment area. The level of water in the ponding zone was maintained ≤350 mm above the filter layer. Since columns were not repacked between events, the sequence of events was numbered (EN, event number) to represent the age of the filter in field scale operations.
Water Quality Monitoring
Samples (250 mL) were collected from the inflow and tap water during each experimental trial. Additionally, samples (250 mL) were collected from the outflow stream at 2 min, 7 min, 12 min, 20 min, 30 min, 60 min, 90 min, 120 min and 150 min from the beginning of outflow. The experiment was repeated for different antecedent dry days (ADD, the number of days between two rainfall events) varying from 0 d to 21 d. Columns were observed to take approximately 16 h to stop draining completely after an event, and therefore 0 ADD was considered as an event that occurred within ~24 h of the previous event.
Soil Moisture Analysis
In order to understand the dynamics of the moisture content of the filter layer, one bioretention column was fed with simulated stormwater and left to dry over a 40 d period. Filter samples were drawn from sampling ports at five different depths in the filter column (50 mm, 100 mm, 400 mm, 750 mm and 800 mm from the top of the filter) at each different number of days of drying (0 d to 40 d). Filter samples were analysed for the degree of saturation in accordance with AS 1289 B1.1 (Standards Australia 1977).
Results and Discussions
Soil Moisture Profile During Drying
Variation in the degree of saturation (soil moisture content) of the filter material at different depths is given in Figure 3 . Each plot represents results on different ADD in days. It is apparent from Figure 3 that the top layer in the filter (the first 10 cm) dries rapidly, reaching the lowest moisture content over the shortest time frame, while bottom layers in the filter dry much more slowly. It is also evident from the soil moisture profile, that even after a 40 d drying period, the filter still holds a significant amount of moisture. The calculation of water retention in the filter zone showed that it held approximately 1.2 L to 0.6 L water in the column from 0 d to 40 d drying, respectively.
Total Organic Carbon
Total concentration of organic carbon (TOC) in the outflow was observed to be very high compared with the concentration of TOC in the inflow (Figure 4 ). This apparently results from the leaching of organic carbon from organic material in the filter layer. The leaching rate is higher in the first 10 min, and thereafter gradually decreases and eventually settles at a relatively low concentration (~10 ppm) after ~30 min from the start of the outflow, in all the events. In contrast, EN and the number of ADDs had no effect on the concentration of TOC once the first flush had settled. 
Nitrate-Nitrogen
In contrast to the variation in concentration of TOC in the outflow with time, removal of nitrate-nitrogen was observed to be continuous across the experimental period (150 min), Figure  5a . Removal was observed, however, to decrease with time; the concentration of nitrate in the outflow steadily increased for the first 30 min to 60 min and then settled. After 60 min, the outflow concentration was almost equal to that of the concentration in the inflow, indicating negligible removal. Concentration of nitrate-ntirogen in the inflow was 2.0 ±0.23 ppm. In order to eliminate any bias in the analysis, influenced by small variation in the inflow concentration, the rate of nitrate removal was considered in subsequent statistical analyses (Figure 5b ). Principal component analysis results showed that removal percentage of nitrate (from 7 min to 20 min) was correlated negatively with ADD while the EN did not have a significant impact on the nitrate-nitrogen concentration in the outflow (results not shown). Furthermore, concentration of nitrate in the outflow at 2 min was not affected by either ADD or EN. This result suggests that ADD can have a significant effect on nitrate removal from a bioretention basin while the effect of EN was much less significant.
Discussion
Nitrate is a very stable compound in water treatment systems, and is only removed from a system by microorganisms assisting the process of denitrification, with moisture being crucial to the growth of these microorganisms (Lovieno and Baath 2008) . We have also observed here that the filter still contains a significant amount of water during the drying phase. Therefore, during an event, nitrate-nitrogen removal can occur in bioretention basins, during the wetting phase or during the drying phase of the event.
Concentrations of both nitrate-nitrogen and TOC (after 30 min to 60 min from the start of outflow) gradually approach a concentration comparable with concentration of nitrate-nitrogen and TOC in the inflow. At the same time, removal of nitrate-nitrogen is very rapid at the beginning of the outflow for all ADDs. The growth of microorganisms, in particular after long periods of starvation, will also need time to get reactivated and growth will continue with the availability of substrates. Thus, following a dry period when new stormwater enters the system, the immediate removal of nitrate-nitrogen should be low because it requires time for the microbial community to be reactivated and to multiply before nitrate-nitrogen is removed efficiently. While this should result in a gradual increase in nitrate-nitrogen removal over time, in the current study we observed the reverse. In addition, as discussed earlier, the column can operate under both unsaturated and aerobic conditions. This further restricts the potential for denitrification during the wetting phase of an event.
Furthermore, the washoff of organic carbon at the beginning of outflow, and the retention of moisture in the soil pores, suggest that microbial degradation may be high during the drying phase, which would in turn deplete dissolved oxygen levels in the retained water. Thus there is potential for the development of micro-anoxic environments in the pore and capillary water (Haider and Schaffer 2009) . The production of labile carbon, a process that breaks down the complex structures of organic matter, which also occurs during the drying phase (a phenomenon known as the Birch Effect), can further facilitate the process of denitrification by providing substrate and electron donors (Birch 1958; Jarvis et al. 2007) . Therefore nitrate-nitrogen in water that is retained in the pores during the drying phase of the event is most likely to undergo denitrification at this stage, rather than during the wetting phase of an event. This is further affirmed by a strong correlation observed between the concentration of TOC and nitrate-nitrogen removal in the first 30 min of the outflow. Water retained in the system, where concentration of nitrate-nitrogen is low and concentration of TOC is high, will eventually mix with the stormwater from a subsequent event and contribute to an outflow. Mixing may happen gradually, a process that would account for a gradual increase in nitrate-nitrogen and a gradual decrease in TOC in the outflow over time.
Conclusions
Intermittent wetting and drying is a unique property of bioretention systems which plays a major role in removal of nitrate-nitrogen from stormwater. Nitrate-nitrogen is not removed during the wetting phase of an event; rather, the process of denitrification is more active during the drying phase of an event. The drying phase of an event cycle assists degradation of complex structured organic material into labile organic carbon that is easily consumed by microorganisms, the Birch effect. This process, together with moisture in the soil pores, facilitates microbial growth in the system that will in turn deplete dissolved oxygen levels and produce micro-anoxic environments. The development of such zones allows the growth of anoxic and anaerobic microorganisms that assist with the removal of nitrate-nitrogen from stormwater runoff. The significant contribution to nitrate-nitrogen removal during the dry phase of events needs to be accounted for in performance analysis and the design of biofilters where they are currently based solely on nitrate-nitrogen removal during the wet phase of events.
